Nijland R, Jongsma HW, van den Berg PP, NijuisJG, Oeseburg B. The effect of pulsating arteries on reflectance pulse oximetry: measurements in adults and neonates. J Clin Monit 1995;11:118-122 ABSTRACT. Objective. The objective of our study was to describe the results from human experiments during normoxia that demonstrate the effect of pulsating arteries on the measured arterial oxygen saturation (Sp%) using a reflectance pulse oximeter sensor. Methods. In 6 healthy adults and 7 healthy neonates, a Nellcor reflection sensor (FS-10 oxisensor, Nellcor, Inc., Pleasanton, CA) was placed in three different positions: (1) on the forehead, (2) on the temporal area, with the photodiode placed over the superficial temporal artery, and (3) on the temporal area, with the light-emitting diodes (LEDs) placed over the superficial temporal artery. Results. Placement of the sensor in position 2 resulted in a significantly lower Spo2 reading, compared to sensor position 1: 5.8% (p < 0.01) lower for adults and 7.5% (p < 0.01) lower for neonates. Placement of the sensor in position 3 resulted in significafitly larger plethysmographic signals, compared to sensor position 1; but, the Spo2 readings were alike. Conclusions. Pulsating arteries can affect the reliability of reflection pulse oximetry. Depending on the position of the sensor, a falsely low Spo 2 value can be observed.
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Transmission pulse oximetry has become a standard method for monitoring the arterial o x y g e n saturation (Sao2) continuously and noninvasively in anesthesia and intensive care units. Tissue is transilluminated by red (R) and infrared (IR) light; from the alternating forward-scattered light intensities caused by the pulsating blood volume in the tissue, a red to infrared ratio is calculated [1, 2] . This red to infrared ratio is empirically calibrated with sample Sao 2 values [1, 2] . Sensor application with transmission pulse oximetry is possible in limited areas o f the body, such as in the finger tip, earlobe or toe, and in the foot or palm in neonates.
With the development o f reflectance pulse oximetry, Sao 2 can also be estimated f r o m the backscattered light [3] . The skin is transilluminated by the light source and the pulsatile signals are obtained by a photodetector, which is sited adjacent to the light source. These reflection sensors can be placed on almost all parts o f the body where sufficient signals can be detected and can be placed on a central position, such as the forehead or the temple, when the peripheral circulation is diminished. The reflection sensor can also be used for intrapartum fetal monitoring, placing the sensor on the cheek or temporal area o f the fetus during labor [4] .
When the sensor is placed coincidentally over an artery, large plethysmographic waveforms can be expected. In studies with fetal lambs with the reflection sensor placed over a visible subcutaneous artery or vein, we observed that the oxygen saturation estimated by pulse oximetry (Spo2) was lower than the sample Sao 2 value (unpublished data). However, the physiologic Sao 2 values in the fetus are below 70%; it is not known whether superficial vascular structures also affect the reliability of pulse oximeter readings after birth, when normal Sao 2 values are near 100%. The purpose of this study was to investigate whether pulsating arteries can affect reflectance pulse oximetry in healthy human adults and neonates.
METHODS AND MATERIALS
After informed consent had been obtained, 6 healthy volunteers (aged 25 to 40 years; 4 women, 2 men) took part in the study, as well as 7 healthy neonates (aged 1 to 13 days postpartum; 3 boys, 4 girls).* An FS-10 reflection sensor and a prototype N-400 oximeter were used in this study (Nellcor, Inc., Hayward, California). The FS-10 reflection sensor was developed for fetal monitoring. The sensor consists of two LEDs, one for red (660 nm) and one for infrared light (890 nm), and one photodetector, which is placed 10 mm from the LEDs [4] . The N-400 oximeter is provided with an algorithm derived from measurements made on healthy adults for an Sao 2 range of 51% to 100% and for a range of 10% to 50% with measurements on fetal sheep, compared to Sao 2 values measured with a CO-Oximeter (IL282R/IL482 R, Instrumentation Laboratories, Lexington, MA).
The sensor was placed and fixed by an elastic band, without applying excessive pressure to prevent compression of circulation. The sensor made appropriate contact with the skin, preventing direct shunting from red and infrared light to the photodetector. The sensor was placed in three different positions: (1) on the forehead above the right or left eye; (2) on the temporal area, with the photodetector over the superficial temporal artery (or the frontal branch of the superficial temporal artery); and (3) on the temporal area, with the LEDs over the superficial temporal artery. The temporal artery was located by palpation and the LED-detector axis of the sensor was placed perpendicular to the artery, in front of the ear.
In the adults, measurements were performed in a resting position. The neonates were measured while in a quiet sleep state, after nourishment between 10:00 and 11:30 am or between 2:00 and 3:00 pm. All measurements were made at room temperature of around 22°C. After a control period of 2 min, 2 min of signals were *This study was approved by the head of the department. collected, after which the sensor was removed. The reflection sensor was connected to the N-400 pulse oximeter and a personal computer. Signals were analyzed off line. The plethysmographic waveforms were visually verified to ascertain that red and infrared peak and trough were adequate and in phase with each other. Red and infrared signals were sometimes shortly disturbed by movement artifacts, resulting in incorrect red and infrared values. Therefore, a 10-sec period without such artifacts was selected from the collected 2 min, and these 10 sec were used for further analysis. For each heartbeat, the minimum and maximum value of the red and infrared signals were used to calculate percentage ac/dc of red and infrared (where ac is amplitude and dc is level) and red to infrared ratio [(acR/dCR)/(acm/dcm) ]. All calculations were performed for each heartbeat separately, after which the data were averaged over 10 sec. Spo 2 output of the N-400 was averaged over the same period.
The N-400 pulse oximeter uses a scoring system for signal quality, based on multiple factors, such as pulse synchrony and pulse amplitude. For this study, the quality of the recordings is expressed as a percentage of the maximum obtainable score.
The results were analyzed using the Student's paired t test for Spo 2 and ratio red to infrared. For the other parameters, the Wilcoxon's signed rank test was used. Placement of the sensor on the forehead was compared with placement of the sensor with photodiode over the temporal artery or placement of the sensor with LEDs over the temporal artery. The measurements are displayed as mean (SD);p < 0.05 was considered significant.
RESULTS

Adults
After a few seconds a reliable signal could be obtained in all three positions. In each position, the intraindividual range of the Spo 2 during the 4-min period was 2%. In all recordings, a 10-sec period could be analyzed with a signal quality near the maximum score. Heart rate did not change during the measurements in the 6 subjects.
When the photodiode was placed over the artery, the pulse oximeter measured a significantly higher red to infrared ratio and, hence, a significantly lower Spo 2 (p < 0.01, Student's paired t test). The oximeter read 5.8% (1.0) lower, compared with placement of the sensor on the forehead (Table 1 ). The percentages ac/dc-R and ac/dc-IR light showed no significant change.
Placement of the LEDs over the artery led to a significant rise in percentages ac/dc-R and ac/dc-IR light (p < 0.05, Wilcoxon's signed rank test), compared to placement of the sensor on the forehead. However, the red to infrared ratio and the Spo 2 were not statistically different.
Neonates
In 1 neonate, it was not possible to obtain a reliable signal, because of its restless state. In the other 6 neonates, a reliable signal could be obtained within a few seconds. The intraindividual range of Spo 2 was 3%, during all measurements. Heart rate did not change. Placement of the sensor over the artery was slightly more difficult than in the adults because we did not want to disturb the sleep state. When the photodiode was placed over the temporal artery, the red to infrared ratio was significantly higher and the measured Spo 2 was subsequently lower, compared with the forehead position ( Table 2 ). Spo 2 decreased from 99.7% to 92.2% (p < 0.01, Student's paired t test). The percentage ac/dc-R was significantly larger (p < 0.05, Wilcoxon's signed rank test). For infrared light, it was larger in 5 subjects; but, this difference was not significant.
With the placement of the LEDs over the artery, the percentages ac/dc-R and ac/dc-IR were significantly larger (p < 0.05, Wilcoxon's signed rank test), compared with placement on the forehead. The red to infrared ratio did not change significantly; but, the mean Spo 2 decreased from 99.7 to 98.5 when the LED was moved from the forehead to the temporal artery, respectively.
DISCUSSION
This study shows that pulsating arteries affect the reliability of reflection pulse oximetry during normoxia, depending on the position of the sensor over a superficial artery. The Spo 2 values measured on the forehead are in the expected normal range, as well for the adults as for the neonates. When the sensor was placed with the LEDs over the artery, we found that the Spo2 was approximately 1% lower than when measured on the forehead; this is clinically not relevant. However, when the sensor was placed with the photodiode over the artery, the oximeter read 6% to 7% too low, which can be falsely interpreted as hypoxia. Several factors may influence the Spo 2 display by the pulse oximeter. First, a transient decrease in Sao 2 can occur during the experiment. However, the observed difference in Spo 2 cannot be expected to be due to a transient drop in Sao2, since all 12 subjects breathed steadily. Furthermore, the intraindividual range of the Spo 2 in the 4 min was within a range of 3%, and did not decrease or increase during this period. Second, malpositioning of the sensor can cause a falsely low Spo 2 reading by the pulse oximeter. Underestimations of the saturation in case of light shunting was shown by Gardosi et al [5] for reflection sensors. In this study, special attention was paid to proper contact of the sensor with the skin. It is, therefore, not likely that our results can be explained by shunting of light. Finally, the N-400 oximeter was developed as a possible monitoring device for the fetus during labor. The coefficients a and b of the relation Sao 2 = a' ratio + b are usually experimentally derived for a saturation range of approximately 70% to I00%, by measuring blood sample Sao 2 with a CO-Oximeter and measuring the red to infrared ratio by a pulse oximeter. The coefficients used in the N-400 are based on measurements in adults and in fetal sheep over a much wider range (10% to 100%). The difference of 5% to 7% between Spo 2 on the forehead and with the photodiode over the temporal artery, as measured with the N-400 in its present form, would also have been measured if this oximeter was only calibrated for a 70% to 100% Sao 2 range. Although other reflection pulse oximetry sensors have been developed, these sensors have not yet been widely tested for their accuracy. Mendelson et al [3, 6] have developed a reflectance probe of their own design and have reported satisfactory monitoring. Severinghaus et al [7] evaluated three experimental reflectance pulse oximeters (Criticare, Datex, and Kontron) that were placed on the forehead. The accuracy of these oximeters was comparable or better than the transmission sensors with the same instruments during profound hypoxia in healthy adults. However, Cheng et al [8] reported that the Criticare reflectance sensor was less satisfactory than the transmission sensors in critically ill patients. Decker et al [9] used a Simed forehead sensor; they also found that it was was less accurate and more prone to fail to detect a signal, compared to a transmission sensor.
Placement of the photodiode over the temporal artery increased the percentage ac/dc-R more than the percentage ac/dc-IR light. This results in a higher red to infrared ratio and, hence, a lower Spo 2 value. When the sensor was placed with the LEDs over the superficial temporal artery, there were also significantly larger percentages ac/dc. However, the relative increase was equal for red and infrared light; the red to infrared ratio and the Spo2 reading remained the same. It is not clear whether the increased ratio is due to the red light or to the infrared light. Not much is known about the paths of red and infrared light through tissue. As infrared light penetrates more deeply than red light [10] , the paths of the two wavelengths transverse different tissue compartments, which can lead to a different absorbance. The fact that placement over the temporal artery in the two positions did not lead to the same results can possibly be explained if one assumes that the paths of red and/or infrared light from LEDs to photodiode are not the same for positions 2 and 3. The LEDs are much smaller (about 1 mm 2 placed under a window of 30 mm 2) than the photodiode (30 mm2).
For the relation of Sao 2 and red to infrared ratio, a theoretical model, which incorporates the effects of multiple scattering [11] , shows that factors such as flow rate, haematocrit, blood content, and pulsatility have only little effect (1% to 3.3%) in clinical situations for adults and neonates with an arterial Sao 2 of more than 70%. Scattering of photons due to a greater blood volume would result in a deviation of 1% or 2%, smaller than the difference we observed in our experiments. From the multiple scattering model, it can be seen that at Sao 2 values lower than 70%, which is normal for a fetus, deviations will be much larger. De Kock and Tarassenko [12] have shown, with in vitro measurements and using transmission pulse oximetry, that changing of the blood content had no influence above an Sao 2 of 50%; but, deviations increased below an Sao 2 of 50%.
In summary, placement of a reflection sensor with the photodiode above a superficial artery results in falsely low Spo 2 readings. Reflection pulse oximetry can be a possible alternative when conventional transmission pulse oximetry is hampered. More studies, however, have to be performed to gain insight into the light paths of red and infrared light in tissue and to determine the accuracy and reliability of reflectance pulse oximetry.
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